Most, if not all, animals coexist with a complement of prokaryotic symbionts that confer a variety of physiologic benefits. In humans, the interaction between animal and bacterial cells is especially important in the gastrointestinal tract. Technical and conceptual advances have enabled rapid progress in characterizing the taxonomic composition, metabolic capacity, and immunomodulatory activity of the human gut microbiota, allowing us to establish its role in human health and disease. The human host coevolved with a normal microbiota over millennia and developed, deployed, and optimized complex immune mechanisms that monitor and control this microbial ecosystem. These cellular mechanisms have homeostatic roles beyond the traditional concept of defense against potential pathogens, suggesting these pathways contribute directly to the well-being of the gut. During their coevolution, the bacterial microbiota has established multiple mechanisms to influence the eukaryotic host, generally in a beneficial fashion, and maintain their stable niche. The prokaryotic genomes of the human microbiota encode a spectrum of metabolic capabilities beyond that of the host genome, making the microbiota an integral component of human physiology. Gaining a fuller understanding of both partners in the normal gut-microbiota interaction may shed light on how the relationship can go awry and contribute to a spectrum of immune, inflammatory, and metabolic disorders and may reveal mechanisms by which this relationship could be manipulated toward therapeutic ends.
T he human gut is in continuous contact with prokaryotes, whereas other tissues, such as the endothelium, must remain essentially sterile for local function and the health of the individual. The implications of this seemingly obvious statement reflect an emerging theme in medicine that has only recently come to the forefront of our general view of gastrointestinal function-that microbes affect our biology and our health in profound and perhaps previously unsuspected ways. Outside the field of medicine, biologists have long known that many, if not all, multicellular organisms thrive in commensal or symbiotic relationships with prokaryotes. It is important to consider the role of microbes in the gut through the lens of the evolutionary history of prokaryotic-eukaryote relations, depart from the usual paradigm of microbes as presumptive pathogens, and assume that prokaryoticeukaryotic interactions in the gut are generally mutually beneficial. There are more than 2000 species of commensal bacterial organisms within our bodies, the vast majority in the gut, and only about 100 known species of pathogen. 1 What are the known, suspected, and proposed contributions made by the gut microbiota to normal intestinal biology and thus health? This review considers consequences of deficiencies/dysbiosis of the microbiota and its role in inflammatory, immune, and infectious diseases of the gut (and potentially elsewhere) and addresses the issue of therapeutic manipulation of the gut microbiota, encompassing the prebiotic, probiotic, and postbiotic therapeutic rationales and potential clinical utility. To address these topics in light of basic biology, it is instructive to consider eukaryotic-prokaryotic interactions as reflected in our own evolutionary history.
Eukaryotic-Prokaryotic Interactions Evolutionary History of the Gut and Its Associates
Eukaryotes existed in close alliance with microbes even before the appearance of multicellular life. [2] [3] [4] Indeed, the very nature of the ancestral eukaryotic animal cell was radically changed by the capture and co-option of endosymbiotic prokaryotes that had the biochemical/metabolic capacity for oxidative phosphorylation, resulting in the formation of the mito-chondria, intracellular organelles that are vital and defining features of eukaryotic animal cells. 5 Symbiotic relationships, by definition, are mutually beneficial (in commensalism one party benefits while the other is unaffected); in this review, the human microbiota will be referred to as symbiotic. In most examples of eukaryotic-prokaryotic symbioses, the microbe benefits by acquisition of a stable nutrient supply and immediate environment, while the eukaryotic host gains extended metabolic/digestive ability and competitive exclusion of less-benign microbes, an arrangement that clearly applies to the intestine-microbiota system.
Planktonic bacteria originally associated and, to use a term that we will return to repeatedly, coevolved with simple marine invertebrates. 2 Once the animal body plan reached sufficient size, exceeding the diffusion radius of molecules used as energy sources, a gut tube became necessary for capture, concentration, and extraction of soluble environmental nutrients. Not coincidentally, the gut structure developed into an attractive niche for otherwise free-living bacteria. Thus, as is widely exemplified across modern phyla, many animals acquired a gut-inhabiting prokaryotic microbiota. During long-standing interactions, mutual coevolution of host and microbe occurred, resulting in biochemical specialization of the ectosymbiotic microbes to most efficiently utilize energy sources provided (eaten) by host and adaptation of the host to assimilate and utilize the novel metabolic processes conferred by bacteria (providing the selective pressure for their continued presence). 6 For example, ruminant (cud-chewing) mammals require a community of cellulolytic bacteria in the intestine to digest grassy food stuffs, without which they could not derive sufficient energy. 7 Similarly, lignocellulose is a primary food source of termites (Nasutitermes) requiring the presence of a gut community of prokaryotes that hydrolyze cellulose and xylan. 8 Thus, a wide variety of animals depend on novel biochemistries provided by gut symbionts for energy extraction.
Both parties in the symbiotic dyad have established elaborate checks and balances to influence and regulatebut not harm-each other and thus ensure their continued "place at the table" (Figure 1 ). The immune system, broadly defined, is entrusted to modulate bacterial numbers and perhaps diversity, whereas the resident prokaryotes have their own means to deliberately modify host processes. This mutual crosstalk often involves reciprocal manipulation of growth, survival, and inflammatory controls and is another dimension of the gutmicrobe relationship, which when disturbed can result in a spectrum of intestinal disorders. The gut was designed for nutrient concentration and absorption in multicellular animals and became the dominant arena and proving ground of eukaryotic-prokaryotic interactions in humans. To consider the role of this relationship in human health and disease, it is necessary to ask, "What does a eukaryotic cell do when it encounters a prokaryotic cell?"
Pattern Recognition and Microbial Perception
To tolerate a microbiota and realize its benefits, the eukaryotic host must maintain surveillance over the microbiota and control its number and composition. The human gut is equipped with both innate and adaptive immunity to perform these functions. The detailed mechanisms by which host nonadaptive immunity monitors and responds to the presence of microbes is a topic of intense interest and has been extensively reviewed. 9 -13 The general paradigm holds that the gut (among other cells) is equipped with pattern recognition receptors (PRRs), an operational term for transmembrane or intracytoplasmic receptors that are defined by the ability to specifically recognize and bind distinctive microbial macromolecular ligands designated as microbial-associated molecular patterns (MAMPs) such as lipopolysaccharide, flagellin, peptidoglycans, formylated peptides, and so on (Table 1) . PRRs include the trans-membrane Toll-like receptors (TLRs), which scan the extracellular space, whereas the Nod-like receptors (NLRs) guard the intracellular cytoplasmic compartment. The association of Figure 1 . Mechanisms of microbiota and gut crosstalk. Both parties in the symbiotic dyad possess means to alter and shape each other, resulting in a "negotiated settlement" at equilibrium. A breakdown on this crosstalk may result in a "dysbiotic" microbiota and clinical consequences.
mutant forms of the NLR Nod2 with Crohn's disease clearly underscores the importance of PRR monitoring in intestinal health. Functionally related RIG-like helicases and C-type lectin receptors are PRRs involved in detection of viral and fungal components, respectively. Formylated peptide receptors are a type of transmembrane PRR that is expressed in neutrophils, where they perceive bacterial cell wall products (formylated peptides) and stimulate neutrophil functions, such as reduced NADPH oxide (NOX)-dependent reactive oxygen generation and phagocytic motility. 14 Recently, several paralogues of the neutrophil formylated peptide receptor have been characterized in intestinal epithelial cells, prompting interest that these epithelial receptors mediate microbial monitoring in the gut in a manner analogous to their traditional functions in phagocytes. 15 PRRs are in all multicellular organisms. Several components of the Toll pathway that are involved in microbe recognition have been characterized in nematodes. 16 The TLRs themselves were first described in Drosophila and are necessary for defense against gram-positive bacteria. 17 The NLRs serve as the primary microbial sensors in plant immunity. PRR-stimulated signaling pathways are also highly conserved. In the gut, activation of PRRs initiates regulatory pathways such as the mitogen-activated protein kinase (MAPK) and nuclear factor B (NF-B)/Rel pathways, as well as caspase-dependent signaling cascades such as the inflammasome. 9, 12, 18, 19 These systems represent intertwined cytoplasmic information relays, which when activated use rapid posttranslational events (covalent protein modifications and regulated protein degradation) to transduce PRR binding into transcriptional or posttranscriptional effector processes (Figure 2 ). Microbe-elicited signaling occurs through the Rel/NF-B and mitogen-activated protein kinase pathways in Dro- sophila 17, 20 and in nematodes. 21 Thus, evolution has conserved the mechanisms necessary to detect and respond to microbes, mechanisms that mediate both the benefits and the hazards of eukaryotic-prokaryotic interactions.
Host Control of Microbes
Antimicrobial effectors (or effectors that influence microbes; not all responses are microbicidal) are also highly conserved. In invertebrates, the major effector arm is transcriptional up-regulation of small antimicrobial peptides. 22 These molecules, observed in many multicellular organisms, are small cationic peptides that function by assembling and forming pores at the bacterial cell wall. In small intestinal Paneth cells, release of ␣-defensins or cryptdins is proposed to maintain the sterility of the proliferative stem cell compartment present in the small intestinal crypts 23 and is necessary for defense against overt pathogens such as Salmonella. 24 Secreted proteins such as RegIII␥ (a C-type lectin) and angiogenin 4 have also been shown to possess potent antimicrobial activity in vertebrates and are induced in the mucosa in response to contact with symbiotic bacteria. 25, 26 These highly conserved effectors generally exhibit selectivity toward either gram-negative or gram-positive bacteria, a property shared with secreted effectors in invertebrate immunity.
The rapid generation of reactive oxygen species (ROS) is a cardinal feature of the phagocyte reaction to both pathogenic and symbiotic bacteria; there is evidence that ROS are also physiologically elicited in other cell types, including intestinal epithelia, in response to microbial signals. 27 ROS are short-lived reactive molecules that derive from the incomplete reduction of O 2 and are considered microbicidal, although ROS also serve as critical second messengers in diverse intracellular signaling networks. 28, 29 Invertebrate phagocytes stimulated with formylated peptides generate ROS in the same manner as mammalian neutrophils. 30 In Drosophila, commensal microbe-induced hydrogen peroxide (H 2 O 2 ) maintains gut epithelial homeostasis [31] [32] [33] ; plants induce ROS to modulate signal transduction pathways in response to bacterial pathogens and symbionts. 34 -36 Interestingly, experiments with several species of normal human gut bacteria have shown that the mammalian epithelium also responds to prokaryotic symbionts with rapid generation of epithelial ROS, 37 again showing conservation of a response to microbes throughout evolution.
Enzymes that are homologous to phagocytic reduced NOX generate ROS in nonphagocytic eukaryotic cells and are widely distributed among multicellular organisms. 27, 38, 39 Interestingly, 2 examples of this class of ROSgenerating enzyme, NOX1 and DUOX2, are highly and specifically expressed in colonic epithelial cells, 40 although a functional role for these enzymes has not been identified in the mammalian gut. It will be interesting to determine whether microbe-elicited ROS generation in the intestinal epithelia facilitates a microbicidal/microbistatic role, as in phagocytes, or mediates a signaling function (or both). 29, 41 
Discrimination of Pathogen Versus Symbiont
When we consider the innate immune monitoring of the human gut, or for that matter any host-microbe symbiotic relationship, a major conundrum is how PRR monitoring and response distinguishes between the abundant normal microbiota and the rare pathogen. None of the conserved systems discussed that have evolved to monitor prokaryotes and are conserved across multicellular organisms discriminate between symbiotic and pathogenic organisms; in the case of many of the Enterobacteriaceae, the difference between symbiont and pathogen can be acquisition of a single plasmid. This realization has resulted in the current designation of PRR ligands as MAMPs, as opposed to the prior, more limited and "pathocentric" term "pathogen-associated molecular patterns." Although some gut symbionts can limit or alter their surface MAMPs to evade PRR monitoring, so can pathogens. 42 Similarly, PRR expression or signaling can be attenuated by various mechanisms, such as through down-regulation of TLR expression at transcriptional 43 or posttranscriptional levels 44, 45 or tissue-specific expression of inhibitory signaling intermediates. 46 Intestinal alkaline phosphatases may alter lipopolysaccharide structure and reduce the ability of this MAMP to stimulate eukaryotic cells. 47 Although these mechanisms are likely important gut-specific specializations designed to allow the mucosa to avoid constitutive inflammation following contact with the microbiota and its products, they are not selective for specific microbes.
PRRs are strategically deployed; there is receptor-specific spatial distribution that contributes to discrimination between pathogen and symbiont. 9 TLR5 seems to function as a primary epithelial sentry, monitoring the basolateral surface of the epithelium but not the apical luminal surface. TLRs 2 and 4 are found enriched on the surface of macrophages, less exposed to the MAMP-filled environment of the gut lumen, but poised to survey the less microbial-rich intercellular space. Expression of TLR9 is restricted to the cytoplasmic vacuolar compartments, sheltered from the extracellular environment. TLR9-induced signals may be different depending on whether the ligand (bacterial DNA) interacts with the apical or basolateral surface of the epithelial cells, 41 suggesting that directional vesicular trafficking modulates MAMP-elicited responses. TLR expression patterns allow for bacteria detected in these areas to be perceived as pathogens and evoke overt inflammatory reactions. The fact that human gut microbes are symbionts in the intestinal lumen but can elicit fatal peritonitis or sepsis in other areas of the body illustrates this concept. Similarly, at the cellular level, MAMP detection by the intracellular NLRs evokes more severe cellular defensive reactions, up to and including programmed cell death, appropriate for the more dire situation caused by violation of cellular integrity by an invasive organism 12, 48 (Figure 2 ). Pathogens, impelled by their life cycles, utilize their virulence factors to enter areas where coevolution has not allowed the host to tolerate them and are caught. Yet, PRRs still signal the presence of nonpathogenic bacteria, albeit with a likely graded or dampened response. These tempered responses are not overtly inflammatory and may actually have salutary outcomes.
In summary, pattern recognition receptors and innate immune effector circuitry have evolved to allow the gut to perceive and respond to bacterial threats. However, these responses must not be so effective so as to eliminate the microbiota and the benefits it offers.
The Microbiota in Health Overview of Human Microbiota
The human normal flora, or microbiota, is vast, both in its absolute quantitative mass and its qualitative diversity. A detailed inventory of the normal microbiota was long considered nearly unattainable by conventional microbiologic techniques; however, recent initiatives utilizing high-throughput sequencing and molecular taxonomic methodologies have greatly increased our understanding of the population composition, dynamics, and ecology of the gut microbiota (reviewed in several reports 6,49 -54 ). Humans have been proposed to be "metaorganisms" consisting of 10-fold greater numbers of bacterial than animal cells that are metabolically and immunologically integrated. 52, 53 The human meta-organism includes approximately 10 14 prokaryotic organisms, with a biomass of Ͼ1 kg. The population composition is remarkably stable at different anatomic locations along the gut, but absolute numbers vary greatly, ranging from 10 11 cells/g content in the ascending colon to 10 7-8 in the distal ileum and 10 2-3 in the proximal ileum and jejunum ( Figure 3 ). Anaerobes are several orders of magnitude more abundant that aerobes in the bacterial community, and a majority of the population (60%-90%) are representatives of 2 divisions: the Bacteroidetes and Firmicutes. Interestingly, eukaryotic fungal species have also recently been identified as components of the microbiota. 55 Most of the community is autochthonous, meaning indigenous and stable, although allochthonous, or transient, members are also to be found (certainly most enteric pathogens fall into this category). At birth, the gut is sterile and is colonized immediately, ultimately developing into a stable community, although there are marked variations in microbial composition between individu- Figure 3 . Preferred sites of commensal/probiotic interaction with the gut. Cecum/ascending colon is a "bioreactor" with the greatest amounts of bacteria, metabolic activity, and SCFA fermentation. Concentration of SCFA diminishes along the colon. The distal ileum is enriched in GALT (Peyer's patches) and is the dominant site of luminal sampling and mucosal adaptive immune activity.
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als. 56 Host parameters that select for and ultimately shape the stable climax community are a topic of considerable interest. 52, 57 New molecular phylogenic approaches based on sequencing of bacterial 16S ribosomal RNA, or in higherresolution, bulk genomic sequencing of entire communities/environments, allow census-based, non-culturedependent inventories or "metagenomics" of the entire microbiota population composition and their component genes, which can be tabulated and correlated with host phenotypes. 53, 58 These approaches have been used to identify populations associated with obesity (discussed in the following text) and inflammatory bowel disease, 59, 60 although an altered configuration of the microbiota may be a consequence rather than a cause of these disorders. Lupp et al described changes in the composition of the microbiota in a mouse model of experimental colitis that were similar regardless of whether the proximate inciting event was infectious or chemical. 61 Thus, an observed correlation between changes in microbiotal composition and a disease phenotype must be accompanied and supported by a plausible mechanism (eg, metabolic or immune alterations) if observed population changes are to be considered as causal.
Metabolic Roles of the Microbiota
Metagenomic approaches have highlighted impressive genetic diversity and the vast potential reservoir of metabolic capability of an established microbial community. The combined biochemical capacity of the microbiota has been called a "forgotten organ," 50 mediating diverse beneficial roles including vitamin synthesis, bile salt metabolism, and xenobiotic degradation, 62 but likely the collective biochemical output, the "metabolome," is involved in additional processes. "Metabolomics" is another system-based approach of high-throughput analysis of complex biological samples that has great promise in linking functional consequences to ecological changes in the microbiotal community. Researchers have used this approach to identify differences in the gut microbiotal populations and consequent metabolic processes in normal weight and obese mice. Backhed et al showed that mice raised under normal conditions have more body adipose tissue than germ-free animals, suggesting a role for the microbiota in enhancing energy homeostasis. 63 Using metagenomic techniques to describe altered community composition (a reduction in Bacteroidetes and an increase in Firmicutes) in genetically obese (ob/ob) mice, Turnbaugh et al showed this microbiota had an augmented ability to liberate an additional energy source (short-chain fatty acids [SCFAs]) for host uptake. 64 These population changes were correlated with observations in lean and obese humans 65 and suggest that the microbiota of an obese person is more efficient at extracting energy from the diet than that of a lean individual. The recognition that the microbiota can facilitate biochemical processes in the meta-organism, coupled with the technical ability to study these events, has prompted studies tentatively linking microbiotal population changes to other presumptive metabolic conditions, such as non-insulindependent diabetes, nonalcoholic hepatosteatosis, and atherosclerosis. 66, 67 There is much more research to be done into the metabolic role of the microbiota in systemic health and disease.
Conclusions derived from "omic" methodologies should obtain empirical support from biochemical approaches. The normal microbiota thrives in a largely anaerobic luminal environment, generating its own energy through the fermentation of dietary complex carbohydrates. Complex carbohydrates (starches) are poorly digested by the human digestive system and require the microbiota for breakdown via fermentation. In the human gut, the end products of fermentation are a spectrum of organic acids, including SCFAs such as butyrate, succinate, and propionate, as well as other terminal products such as lactate. 68, 69 SCFAs are an important energy source for the colonic epithelium and the host, providing for an estimated 5%-15% of human energy requirements (far higher in ruminant mammals). 70 The organisms most efficient at producing SCFAs (the microbes possessing the enzymatic capacity to ferment these substrates) are Firmicutes such as Clostridium species and Bifidobacterium species, which are enriched in the microbiota of obese mice and humans. 64 Thus, SCFAs are bacterial products and well-known host energy sources that provide a link from community-level changes in microbiotal composition and their encoded metabolic machinery to a human phenotype.
SCFAs also show an intriguing ability to influence various aspects of gut physiology beyond functioning solely as a crude caloric source. 71, 72 For example, butyrate and other SCFAs have well-known differentiating and growth-promoting activities in vitro and in vivo, a biological effect ascribed to histone deacetylase activity. SCFAs have also been noted to have immunomodulatory effects, suppressing inflammatory cytokine secretion in cultured epithelial cells and ameliorating model colitis in mice, suggesting these molecules contribute to the ability of the mucosa to tolerate the presence of vast quantities of living microorganisms and associated MAMPs. Butyrate can induce epithelial production of ROS and subsequent redox-dependent signaling effects including NF-B suppression. 73 Furthermore, luminal instillation of butyrate has been shown to be a promising experimental therapy in human ulcerative colitis and related inflammatory disorders. 71, 74 SCFAs appear to be a class of effector molecule, produced preferentially by one subset of the microbiotal community. That a product of bacterial fermentation, an exogenous chemical from the perspective of the host, possesses such potent physiologic regulatory properties on eukaryotic cells beyond utilization as an energy source is an interesting illustration of how the host has coevolved dependency, or at least benefit, from its prokaryotic partners.
Microbial Effects on Epithelial Cell Function, Growth, and Survival
Gut epithelia have a surface area of 300 -400 m 2 , comparable to that of a tennis court. 75 Essentially all the physical and near-physical contact between host and microbe occurs at the epithelial (or epithelial-derived, eg, mucus layer) surfaces. Epithelial cells, by embryologic definition, are interfaces between the host and the environment (in a topological sense, the gut lumen is external to the body) and are equipped with a number of structural and biochemical modifications to mediate this function. 76 They are "polarized" or adapted with apical surface specializations (microvilli, mucus production, vectorial ion secretion, intercellular junctions) to allow interface with the microbe-rich luminal environment, and the basolateral surfaces are optimized for interaction with the host itself (milieu intérieur). Impressively, the epithelia and complete mucosa must tolerate the normal microbiota, yet this tissue is obviously required to mediate digestive as well as fluid and nutrient absorptive functions.
Studies with gnotobiotic mice have shown that the enteric microbiota is not functionally insulated from the mucosa; in contrast, these bacteria influence epithelial metabolism, proliferation and survival, and barrier function. 51, [77] [78] [79] [80] The small intestinal villi of the germ-free gut are relatively longer, whereas crypts are atrophic, show a slower turnover of the epithelial cells, 33 and exhibit defective angiogenesis. 81 Hooper et al reported robust transcriptional responses of gnotobiotic mice monocolonized with a single gut symbiont species (Bacteroides thetaiotaomicron). 80 In further experiments in gnotobiotic mice, Sonnenburg et al showed that colonization with this strain and supplemented with a second species (Bifidobacterium longum) elicited a different and distinct host cell transcriptional response, illustrating the complexity of interpreting host responses to whole microbial communities (and the difficulty of predicting potential beneficial effects of a given strain). 82 Interestingly, Rawls et al performed expression profiling of epithelial responses after reciprocal transplantation of natural fish and mouse microbiota into germ-free mice and germ-free zebrafish and showed shared and conserved host transcriptional responses, suggesting a common program of vertebrate genomic regulatory responses to symbiotic bacteria. 57 How a taxonomically complex and ecologically dynamic symbiotic microbial community can influence epithelial signaling is a fascinating question for future study.
Bacterial products such as SCFAs can act as effectors to influence mucosal and perhaps systemic homeostasis. Additionally, microbial perception via the primordial PRR pathways can have effects beyond the activation of innate immunity (meaning acute inflammation in the histopathologic sense). Gene expression elicited by PRR signaling can positively affect homeostasis in the gut. In a seminal report, Rakoff-Nahoum et al showed that mice with intestines cleared of the normal microbiota and thus deficient in luminal bacteria and MAMPs were markedly more sensitive to dextran sodium sulfate-induced colitis; the mucosal injury mediated by this compound could be ameliorated by oral administration of isolated MAMPs such as lipopolysaccharide and LTA. 83 Additionally, this study showed that these cytoprotective effects were lost in TLR2-and TLR4-null mice, implicating TLR signaling in the protective mechanism. Pull et al showed that regenerative responses to colonic injury were markedly attenuated in germ-free animals, indicating a discernable role of the microbiota in induction of epithelial proliferation and response to injury. 33 Additionally, restitution was similarly reduced in MyD88-null (a signaling intermediate required by multiple TLRs) mice, reinforcing the concept that PRR-mediated signaling is necessary for trophic/restitutive effects. TLR2/MyD88-dependent signaling has also been shown to increase physiologic epithelial barrier integrity. 84 Other investigators have found that gut anti-inflammatory/cytoprotective effects could be mediated by isolated MAMPs; purified unmethylated bacterial DNA has been shown to ameliorate dextran sodium sulfate-induced colitis. 85 These and related observations in mice with defects in epithelial NF-B pathway components 86 -89 have suggested that some degree of PRR signaling is necessary for gut homeostasis, presumably because of the tonic upregulation of cytoprotective genes (gene products with antiapoptotic, chaperone/stress response, and antioxidant effects). 86 In vivo, symbiotic bacteria induce expression of cytoprotective genes such as heat shock proteins 83 and RELM␤, 90 as well as antimicrobial peptides and lectins. 25 There might be a "graded response" that distinguishes and responds to symbiont and pathogen and that when activated at "high gain" elicits acute inflammation with neutrophil influx, yet at "low gain" elicits a more limited (and possibly distinct) transcriptional response ( Figure 2) . Thus, while in keeping with the overall mission of immunity, protection from potential injurious stimuli, PRR signaling stimulated by the microbiota does not activate tissue responses that we would interpret as a disease state. This notion of "basal inflammatory tone" thus explains at a molecular level why a bacterial presence, within the proper boundaries and of the proper constitution and intensity, may make a positive contribution to intestinal homeostasis and health.
An MAMP-PRR interaction with special relevance to the gut is found in the flagellin/TLR5 ligand receptor pair. As an MAMP, flagellin is recognized by plants, invertebrates, and mammals and appears to be a dominant epitope in sera from patients with inflammatory bowel disease (IBD). 91, 92 TLR5 knockout mice are the
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only TLR-null mice that develop spontaneous colitis. 93 Flagellin elicits a cytoprotective response in the gut 94, 95 ; TLR5 is not widely expressed outside the gastrointestinal tract, and systemic shock does not occur if flagellin enters the vascular space, as occurs with lipopolysaccharide. Several studies have illustrated the potential of exploiting flagellin as a systemic agent for preventing effects of detrimental stimuli to the gut and perhaps other tissues. 96 -98 Small peptides can also function as MAMPs. Formylated peptides have been shown to stimulate mitogenactivated protein kinase signaling pathways and up-regulate cytoprotective genes in vitro. 99 The discovery of multiple paralogues of the classic neutrophil formylated peptide receptor in the intestine indicates that these bacterially derived molecules may contribute to epithelial homeostasis. 14, 15 Finally, bacterial quorum-sensing molecules, small molecules that mediate interbacterial chemical communication, might also function as MAMPs and elicit cytoprotective effects. 100 Thus, PRR-mediated signaling, first recognized as an antimicrobial, innate immune function, seems to have additional physiologic and beneficial activities that could ultimately be developed as therapeutics for patients with intestinal disorders.
Microbial Effects on Inflammatory Signaling
The epithelia has specific mechanisms, including dampening TLR signaling or limiting/sequestering TLR expression, to suppress or moderate the potent antimicrobial arsenal that has necessarily evolved to manage explicit pathogenic threats (as well as prevent induction of overt inflammation by MAMPs). Individual members of the microbiota can also influence signaling intensity. [101] [102] [103] Nonpathogenic prokaryotes, including natural commensals and those with proposed probiotic function, are able to suppress eukaryotic inflammatory signaling pathways and inflammatory effector functions; these suppressive effects are mediated either by intact viable organisms or by secreted products. 104 -107 The mammalian intestinal symbiont B thetaiotaomicron inhibits NF-B pathways by regulating cytoplasmic to nuclear translocation of the p65 subunit. 108 Symbiotic bacteria are able to influence inflammatory pathways, and probably other cell regulatory processes, by manipulating the ubiquitin system. 102,109 -111 Ubiquitination is a covalent modification that regulates a wide spectrum of biochemical processes, generally by targeting modified proteins for controlled degradation via the proteasome. A key example of a signaling component regulated by ubiquitination is the inhibitory component of the NF-B pathway, IB, 112 and there are numerous examples of pathogens that utilize preformed effector proteins to influence IB ubiquitination and thus innate immunity. [113] [114] [115] Symbiotic bacteria that interact with epithelial cells in vitro are capable of blocking IB ubiquitination and thus NF-B activation by interference with the function of the IB ubiquitination ligase, SCF ␤TrCP . 109, 116, 117 Furthermore, these events are mediated by transient oxidant-induced inactivation of the ubiquitination enzymatic machinery as a consequence of prokaryotic elicited ROS production. 37, 117 Transient oxidative inactivation of a wide spectrum of regulatory enzymes is an increasingly recognized mechanism for influencing cellular homeostasis. 28, 39 Many multicellular organisms generate ROS in response to microbial interactions, and specifically in response to MAMPs, 29 making this a general and nonspecies selective mechanism by which a complex microbiotal community could influence a wide range of host signaling and homeostatic processes. 117 
Regulation of Adaptive Immunity
An additional facet of the "negotiated settlement" that occurs between host and microbe is adaptive immunity, specifically the gut/mucosal arm of the adaptive immune system, which provides humoral and cell-mediated immunity against ingested antigens and luminal organisms. Adaptive immunity features the selective ability to respond to or ignore individual, specific antigens based on past encounters. Thus, the mucosal immune system can develop tolerance to ingested (or gut resident) antigens; repeat or continual exposure to the same stimulus does not elicit the immune response that it does in a naive animal. Adaptive immunity is only present in vertebrates. 118 As we have discussed, innate (PRR)-based immune pathways recognize and respond to microbial patterns reproducibly and predictably, regardless of past exposure (with some short-term exceptions such as receptor down-regulation). This is sufficient for the hostmicrobial interactions with the invertebrate gut, which are of low complexity, usually composed of a single or small number of highly specialized symbionts. McFallNgai suggested that the evolutionary emergence of adaptive immunity endowed the host with an additional and more selective means of managing microbial symbionts. 1 This evolutionary advance allowed vertebrates to tolerate multigenera gut microbial "consortia," ultimately increasing the microbial diversity in the gut, expanding its immunologic and metabolic roles (and consequences). The occasional dysregulation of this arrangement, such as during the pathogenesis of IBD and perhaps other immune and metabolic disorders, may be the price paid for an extended metabolic ability (and other still uncharacterized benefits) provided by a normal microbiota.
The topic of mucosal immunity is vast and well reviewed, 119 -121 but it is important to emphasize that the anatomical and functional components of this system are found predominantly in the small bowel and, as might be expected, are strongly influenced by the microbiota. The collective gut-associated lymphoid tissue (GALT) is the largest immune organ in the body, and much of the GALT is organized into discrete structures termed Peyer's patches, which are essentially mucosal lymph nodes over-laid with a specialized epithelial cell type, the M cell, which possesses the endocytotic machinery that takes up particulate antigens from the gut lumen (Figure 3) . Members of the normal microbiota, along with nonviable particulate antigens and all-too-viable pathogens, are continually sampled by the M cells that lie over the Peyer's patches and perhaps other portals 122 for processing by local dendritic cells and subsequent education of regulatory CD4 ϩ T-cell populations (Tregs). 120 Tolerance results from induction of Tregs that prevent immune responses toward that tolerizing antigen via elaboration of cytokines (interleukin [IL]-10, transforming growth factor ␤, and so on) that are suppressive of effector lymphocytes. Importantly, these processes are restricted to the GALT and vicinal mesenteric lymph nodes, allowing the systemic adaptive immune system to remain ignorant of the ongoing interactions with the normal microbiota and preventing autoimmune responses.
The GALT is grossly hypoplastic in germ-free animals. Furthermore, germ-free animals have reduced total CD4 T-cell populations and an inappropriate balance of T H cell subsets, which can be rectified within weeks upon conventionalization with a representative member of the normal microbiota (Bacteroides fragilis). 123 Commensal bacteria are necessary for the up-regulation of the IL-17 family member IL-25, which serves to repress expression of IL-23 and subsequent development of proinflammatory IL-17-producing Th17 CD4 ϩ T cells. 124 These results indicate the role of the microbiota in development of the mucosal adaptive immune system. Stimulation of immune development can be mediated via recognition of bacterial capsular polysaccharides. A specific polysaccharide (polysaccharide A) product of B fragilis has been identified that is recognized by dendritic cells and serves to stimulate development of Tregs with the ability to attenuate pathogen-or chemical-induced colitis. 125 These data indicate that specific carbohydrate moieties on symbiotic bacteria can initiate suppressive regulatory effects on effector lymphocytes. This cytoprotective effect of a bacterial product acts via the adaptive immune system, rather than the more ancient PRR-based innate/inflammatory signaling and cellular cytoprotective pathways.
Another mechanism by which the mucosal adaptive immune system can mediate inflammatory and immune tolerance toward the microbiota is humoral immunity via secretory immunoglobulin (Ig) A. 126 Strain-specific IgA is also stimulated by sampling of symbionts in the lumen, again with antigen presentation and B-cell selection restricted to the confines of the mucosal GALT. 127, 128 In experiments with gnotobiotic immunodeficient (Rag-null) mice, animals responded to colonization with a defined, limited microbiota with increased innate responses, confirming a role for adaptive immunity in modulation of mucosal inflammation. This inflammatory hyperresponsiveness was reversed by supplementation with the appropriate strain-specific IgA, indicating the immunomodulatory role of humoral immunity. 129 Thus, the adaptive immune system monitors the microbiota and contributes to homeostasis by supervising T-cell responses and provision of local mucosal IgA secretion. Microbial sampling and the subsequent processing through the regulatory circuits of the adaptive immune system could be relevant to health in tissues far removed from the gut.
The Microbiota in Deficiency: Symbiosis Out of Balance The Hygiene Hypothesis
Although it is important to consider the evolution of prokaryotic-eukaryotic interactions in understanding the mechanisms of gut-microbe interactions, clinical and epidemiologic studies have revealed the importance of this relationship to human health. Although great improvements in human health and longevity stem largely from 19th-century advances in sanitation and public health that reduced mortality from epidemics of infectious disease, recent observations have indicated that not all exposure to microbes is deleterious to human health. First proposed by Strachan in 1986, the "hygiene hypothesis" suggests that inadequate exposure to microbes and their products may be detrimental and is based on the observation that increasing rates of allergic or atopic disorders are positively associated with increased household cleanliness and socioeconomic status. 130 In 2002, Bach reported that declines in rates of endemic infectious diseases correlated within the same population with increases in autoimmune disease or conditions of immune dysregulation, including asthma, multiple sclerosis, and IBD. 131 Less-industrialized nations have consistently lower incidences of such immune/inflammatory conditions. The pathophysiologic mechanisms that account for these population-based observations are unclear, although they are unlikely to result solely from reduced exposure to overt pathogens; the same phenomenon has been observed in rural residents of developed countries with low rates of infectious morbidity/mortality. 132 Quantitative or qualitative deficiencies in the normal microbiota, especially in early life during development of the immune system, may underlie these measurable changes in disease patterns. The term "old friends" has been used to describe the gut-inhabiting microbes originating from soil, plants, and especially domesticated animals that humans have coevolved with before our transition to a relatively sterile urban environment. 133 It is possible that an insufficient/inadequate microbiota (lacking "old friends") leads to dysregulation of immune effector cells, accounting for changes in systemic, nonintestinal allergic conditions. 134, 135 Symbionts modulate innate immune responses; similarly, nonpathogens have been shown to modulate adaptive immunity in murine models by induction of Treg differentiation and antiinflammatory cytokine secretion. 136, 137 Additionally, at
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the mucosal level, a reduced MAMP-driven inflammatory "tone," or relative underrepresentation of bacterial species with significant intrinsic immunoinflammatory modulatory activities, could permit or promote epithelial dysfunction and result in intestinal inflammation. Symbiotic bacteria do have variable degrees of epithelial immunosuppressive properties 37 as well as differential abilities to stimulate immunosuppressive T-cell development, 125 hinting at potential and plausible features of a health-promoting microbiota. Thus, an optimal composition of microbiota is necessary for health but in specific cases can be considered ill adaptive for the meta-organism, or "dysbiotic."
Dysbiosis of the Microbiota
A dysbiotic microbiota is an ecological disorder of the bacterial community; the concept is often associated with the pathogenesis of IBD (for review, see Sartor 138 and Strober et al 139 ) . One study has shown that dysbiotic microbiota, or "colitogenic" microbiota, can cause IBD; Garrett et al showed that immunocompromised mice with homozygous disruption of the gene encoding the lymphocyte specific transcription factor T-bet, a regulator of immune cell differentiation, developed an inflammatory colitis resembling human ulcerative colitis. 140 This colitis could be eliminated with antibiotic treatment, implicating the prokaryotic microbiota in its pathogenesis. The investigators made the fascinating observation that the colitic phenotype could be transmitted vertically to the progeny of the affected parents and horizontally to unrelated animals (by foster rearing of pups). The colitic phenotype was shown to be transmissible to wild-type mice, indicating that an abnormal microbiota is sufficient for the development of colitis. However, transmission of the disease was more severe and penetrant in immunodeficient animals, consistent with the current model presuming underlying intrinsic (genetic) host defects in forms of human IBD. 139 Thus, the concept of "colitogenic" microbiota is gaining firmer ground, although it has no clear microbiological definition. A recent report that the PSA capsular antigen is a bacterial moiety with adaptive immunoregulatory properties indicates that this molecule might be a participant. 125 Metagenomic analyses of human IBD might identify additional proinflammatory and antiinflammatory determinants of the microbiota and yield potential biomarkers and perhaps provide a rationale for the formulation of corrective probiotic supplements or replacements. 141 Even in the limited gut microbiota in invertebrates, a deleterious dysbiotic microbiota has been described. In Drosophila, the transcription factor caudal represses antimicrobial peptide section, presumably as a mechanism to dampen excessive antimicrobial responses and to promote an optimal microbiota. Genetic disruption of this factor increased AMP expression and altered the microbiota in a quantitative and qualitative manner, resulting in overgrowth of an autochthonous microbe that elicited epithelial apoptosis and death of the flies. 142 Notably, these experiments illustrate that dysbiosis can be a direct result of innate immune dysfunction. It is hoped the unique genetic tractability of the Drosophila system will contribute to the analysis of gut-symbiont interactions and facilitate identification of potential harmful determinants that are present in members of a normal microbiota. Taken together, these experiments illustrate that in widely diverse gut-microbiota systems, host immune regulatory processes are vital in shaping an optimal microbiota; disturbance of host regulation creates a dysbiotic microbiota and consequent disease.
Microbiota and Enteric Pathogens
Enteric infectious diseases, caused by common pathogens such as Salmonella, Shigella, various strains of enteropathogenic Escherichia coli, and Yersinia, are of great public health consequence in the developed and developing worlds. Infection is generally conceptualized as invasion by foreign agents; this notion is not incorrect, but the microbiota is also an important component of overall resistance to infection. Germ-free mice have increased susceptibility to a variety of enteric pathogens, an observation that led to the concept of "colonization resistance." 143, 144 This presumptive role of the microbiota in suppressing encounters with overt pathogens is likely multifactorial. The normal microbiota may compete for access to adhesive sites on the epithelial surface or stimulate increased mucin production. SCFAs may be bacteriostatic for a subset of bacterial species, either directly or by reducing pH. Some members of the microbiota also generate bacteriocins, small peptide molecules with microbicidal or microbistatic properties. 145 In addition, there is increasing interest in the effects of microbialmicrobial signaling on the overall equilibrium of optimal microbiotal ecosystems. 146 Within a prokaryotic species, secretion of soluble chemicals is used by individual bacterial cells to communicate with one another, inducing coordinated gene regulation when environmental conditions are appropriate (quorum sensing). A subset of these small diffusible molecules that mediate intraspecies signaling can be perceived by other strains of bacteria, allowing interspecies communication. Thus, the normal microbiota produces a carefully balanced combination of interspecific and intraspecific chemical signals that could suppress pathogenic invaders, as well as optimize the composition and numbers of appropriate members of the microbiota. A dysbiotic microbiota might also involve some degree of internecine dysfunction, a deleterious combination of chemical signals that disorder the microbiotal community structure.
Additionally, a microbiota could also be quantitatively deficient, as in the iatrogenic suppression that occurs following antibiotic use. Suppression of microbial num-
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bers would disturb the normal mechanisms of community regulation and pathogen colonization resistance (not to mention the effects of reducing PRR-mediated cytoprotective tone). A microbiota in ecological collapse could permit emergence of autochthonous bacteria that blur the distinction between symbiont and pathogen, exemplified by Clostridia difficile proliferation following vancomycin treatment, which can result in pseudomembranous colitis. [147] [148] [149] In murine models, antibiotic administration suppressed expression of the commensalinduced antimicrobial protein RegIII␥ and allowed pathogen overgrowth. Additionally, supplementation of mice with TLR ligands reinduced RegIII␥ and corrected innate immune defects. 150 Together, these data illustrate the important role of the microbiota in protection from enteric pathogens.
The Microbiota as Therapeutic Target Probiotics
There is currently much interest in deliberately manipulating the normal microbiota to accrue health benefits through an approach known as "probiotics." Probiotics are defined as "live microorganisms which when administered in adequate amounts confer a health benefit on the host." 151 Clearly, the conceptual basis of probiotics is well grounded. 121, 137, 152 Therapeutic bacteria could presumably provide the same beneficial functions and activities that have evolved for the normal microbiota. For example, symbionts can expand nutrient utilization and thus metabolic range of the host. Likewise, at the cellular and tissue level, symbiotic bacteria can suppress innate immune signaling. Symbionts can stimulate protective T-cell responses. MAMP-elicited signaling has clear effects on epithelial cytoprotection, survival/ proliferation pathways, and barrier function. Normal gut inhabitants can competitively exclude or chemically suppress pathogens.
However, at the level of the individual, where medicine is ultimately grounded, data from probiotics remain preliminary. Probiotic approaches are and will always be confounded by the diversity of the human microbiota and its plasticity in the face of varied human diets and genetic backgrounds. Nevertheless, based on data from animal models, probiotics offer great potential benefits and might be used to treat intestinal functional and inflammatory disorders, systemic immune/allergic conditions, and metabolic syndromes, as well as to even modulate intestinal nociception, psychological stress responses, and longevity (an original claim made for probiotics by Elie Metchnikoff a century ago). 152 Clinical evidence indicates that probiotics are effective in the treatment or prevention of acute viral gastroenteritis, postantibiotic-associated diarrhea, certain pediatric allergic disorders, necrotizing enterocolitis, and IBD such as Crohn's and postsurgical pouchitis. 153 Although most of these conditions are gastrointestinal in nature, some, such as allergic disorders, are systemic. When contemplating how probiotics could alter host physiology and function as therapies, it must be remembered that the great difference in the normal anatomical distributions of bacterial numbers and their consequent metabolic and immunologic relationships with the host may have implications for probiotic dosing and delivery schemes (Figure 3) . Could/should exogenous bacteria be incorporated as stable members of the microbiota or mediate a transient pharmacologic effect? Vast numbers of bacteria thrive in a colon, especially the right (ascending) colon and cecum, a "bioreactor" where indigestible complex carbohydrates are fermented within the large-bore, slow-transit colonic lumen to SCFAs. Indeed, the concentration of butyrate, with all its known bioactive properties, in these regions reaches 100 mmol/L. 72 Systemic metabolic changes from altered microbiota, such as changes in energy homeostasis, could be mediated by stably manipulating bacteria at this site. Additionally, the effects of bacteria and their products on suppressing innate immune pathways may occur by direct antiinflammatory action on the colon epithelia; the beneficial effects in pouchitis or perhaps ulcerative colitis and functional bowel disorders support this model. Of note, idiopathic ulcerative colitis is a disease of the distal colon, with inflammation generally diminishing in more proximal regions, a distribution inverse to the numbers of bacteria and the luminal concentration of SCFAs found in the colon. Thus, colonic disorders may be more effectively addressed by long-term changes in the composition of the microbiota by supplementation of live microbes. In contrast, the bulk of organized lymphoid tissue and microbial sampling by immune cells occurs in the ileum, which is permanently colonized with far fewer organisms (by a factor of several orders of magnitude). Thus, although the host interface with metabolic outputs of the microbiotal community is likely to occur predominantly in the colon, the role of the microbiota in mediating systemic immune and allergic phenomena might be primarily mediated by the GALT of the small bowel. 154 Supplementing qualitatively and quantitatively optimized bacteria to these sites, over the long term, may provide a beneficial stimulus to Treg development and consequent immunoregulation. Finally, although it might be challenging to select probiotics that would improve the ecological health of the microbiota and convert dysbiosis to eubiosis, it might be more immediately practical to provide supplementary bacteria to restore a quantitative deficiency state following treatment with antibiotics. This would prevent the expansion of opportunistic pathogens and stimulate cytoprotective responses.
Prebiotics and "Postbiotics"
Another approach to therapeutic exploitation of the microbiota involves manipulating its energy sources. 152 Alterations in diet affect the composition and, more importantly, the collective metabolic output
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of the microbiota. Thus, deliberate dietary supplementation with bacterial fermentative substrates, usually complex carbohydrates (eg, inulin, oligofructose), can increase luminal concentrations of SCFAs, including butyrate, and indirectly modify immune function. 153 Such dietary supplementation is termed "prebiotics," defined as nondigestible (by the host) food ingredients that have a beneficial effect through their selective metabolism in the intestinal tract. 156 Prebiotic substrates could be administered with live bacteria most able to exploit that energy source, an approach called "synbiotics." Obviously, the emerging ability to couple metagenomics of bacterial populations with resultant metabolomics will facilitate rational attempts to manipulate endogenous gut microbiota by dietary changes. Finally, isolated bacterial components could also be administered as therapeutics. The gut lumen could be supplemented with bacterial products, "postbiotics," such as butyrate and other SCFAs. Although this approach extends beyond the official definition of probiotics (defined as living microbes), it does not differ much in concept from vaccination, the administration of microbial components to stimulate the adaptive immune system. The sheer quantity of MAMPs within the lumen might have a tonic effect on the gut via PRR signaling, and in cases of reduced or dysbiotic microbiota, supplementation of individual components might provide at least some of the cytoprotective effects of symbionts on the gut. The use of nonviable bacteria or bacterial components would also avoid the risk of sepsis or other potential complication of probiotics, particularly in a critically ill patient with compromised intestinal barrier function. 157, 158 Toward this end, luminal or even systemic administration of MAMPs has shown striking cytoprotective effects in mammalian experimental gut injury models. 83, 85, 96, 98 Summary An intricate symbiotic relationship has evolved between humans and microbes. We more fully understand the degree to which gastrointestinal biology is intertwined with microbiology, that the relationship between host and microbe is required for health, and that this relationship might be manipulated therapeutically (Table 2) . Perhaps one day, an optimal microbiota will be considered one aspect of nutrition that is as amenable to intervention. Finally, with a fuller understanding of the host-microbe interaction in the gut, perhaps the pathogenic side of this relationship can be suppressed, whereas the beneficial effects of the gastrointestinal microbiota can be maintained and restored.
